1. Sodium dichloroacetate (300mg/kg body wt. per h) was infused in 24h-starved rats for 4h. 2. Blood glucose decreased significantly, an effect that had previously only been noted in diabetic animals 3. Plasma insulin concentration decreased by 63%; blood lactate and pyruvate concentrations decreased by 50 and 33 %, whereas concentrations of 3-hydroxybutyrate and acetoacetate increased by 81 and 73% respectively. 4 [glutamine], suggesting a diminished supply of gluconeogenic substrates. 5. Animals subjected to a functional hepatectomy at the end of 2h infusions showed no difference in blood-glucose disappearance but a highly significant decrease in the rate of accumulation of lactate, pyruvate, glycerol and alanine, compared with control animals. Dichloroacetate decreased ketonebody clearance. 6. After functional hepatectomy an increase in glutamine accumulation appeared to compensate for the decrease in alanine accumulation. 7. It is concluded that dichloroacetate causes hypoglycaemia by decreasing the net release of gluconeogenic precursors from extrahepatic tissues while inhibiting peripheral ketone-body uptake. 8. These findings are consistent with the activation of pyruvate dehydrogenase (EC 1.2.4
The hypoglycaemic action of di-isopropylammonium dichloroacetate was first observed in diabetic, but not in normal, fed rats by Lorini & Ciman (1962) . Glycosuria was decreased and the respiratory quotient increased in the diabetic animals. They concluded that di-isopropylammonium dichloroacetate stimulated the peripheral utilization of glucose in the diabetic state. Stacpoole & Felts (1970 demonstrated that dichloroacetate was the active moiety, and that both its di-isopropyl and sodium salts stimulated [U-'4C] glucose oxidation and inhibited [1-14C] oleate oxidation in hemidiaphragms from alloxan-diabetic rats. They too found no effect in normal fed animals.
More recently Randle and co-workers (McAllister et al., 1973; Whitehouse & Randle, 1973) showed that sodium dichloroacetate decreased the blood concentrations of lactate and pyruvate and increased their extraction by heart muscle in normal dogs infused with Intralipid and heparin. Similar changes were observed in alloxan-diabetic dogs. They also reported dichloroacetate-induced increases in glucose and pyruvate oxidation and a decrease in lactate production in the perfused hearts of normal rats, and * To whom reprint requests should be addressed. Vol. 142 attributed these effects to the activation of pyruvate dehydrogenase (EC 1.2.4.1) by dichloroacetate which they described in the perfused rat heart (Whitehouse & Randle, 1973) . The effects of dichloroacetate on liver metabolism have not been investigated to date.
The aim of the present study was to investigate the general effects of dichloroacetate on blood and liver metabolites in normal 24h-starved rats before its use in the investigation of disorders of lactate and pyruvate metabolism.
Experimental Animals
Male Ash/Wistar rats weighing 185-215g were used. They were allowed free access to water and a standard laboratory rat diet (diet 41b, Oxoid Ltd., London SE1 9HF, U.K.) at all times except where stated in the text.
Experimental design
Fed rats were anaesthetized with sodium pentobarbitone (60mg/kg body wt. intraperitoneally), and polythene catheters (no. 1619R, Bardic I-Catheter, C. R. Bard International Ltd., Clacton-on-Sea, Essex, U.K.; no. 2FG Intravenous Cannula, Portex Ltd., Hythe, Kent, U.K.) were inserted into the left femoral artery and vein. The rats were then placed in restraining cages and allowed free access to water for the next 24h. Infusions of NaCl or dichloroacetate were begun through the venous cannula when the animals had been deprived of food for 24h. All animals were completely conscious during the infusions.
NaCl was used at a concentration of 9g/litre; dichloroacetic acid was neutralized with NaOH and diluted with the NaCl to a final concentration of 50g/litre (0.39M). Both solutions were infused at 1.2ml/h for 4h. Previous studies had shown that the mean packed-cell-volume decrease after this type of infusion for 4h was 6% (v/v) (P. J. Blackshear & K. G. M. M. Alberti, unpublished work).
Blood and liver sampling (a) Infusions only. In one group of 12 animals, six received 4h infusions of NaCl and six received dichloroacetate. Arterial blood samples (0.25ml) were drawn into heparinized syringes at times 0 (in duplicate), 15, 30, 60, 120 and 240min. A portion of this blood (0.2ml) was immediately deproteinized in 2.Oml of ice-cold 3% (v/v) HCl04; these samples were prepared for enzymic analyses as described previously (Schein et al., 1971) . After each infusion, the animals were killed by cervical dislocation and the livers removed within 10s and freeze-clamped (Wollenberger et al., 1960) . The frozen tissue was prepared for enzymic analyses as described previously (Blackshear & Alberti, 1974) and followed the procedure of Williamson et al. (1967a) . A portion of the frozen, pulverized tissue was shaken with 16vol. of chloroform-methanol (2: 1, v/v) for triglyceride determination.
A second group of ten rats received only 1 h infusions, five receiving NaCl and five dichloroacetate. Samples (0.7ml) were drawn from these animals into EDTA (final concn. in blood, 5mM) at 0, 15, 30 and 60min. The plasma was separated from these samples and used for the determination of immunoreactive insulin and free fatty acids. further animals were cannulated in the-usual manner, with eight receiving NaCl and eight dichloroacetate for 2h. Immediately after each infusion the animals were anaesthetized with intravenous sodium pentobarbitone (60mg/kg) and ligatures were placed around the coeliac and superior mesenteric arteries and the hepatic portal vein. In the rat, the coeliac and superior mesenteric arteries supply all of the abdominal viscera, including the liver, except the kidneys, descending colon and rectum (Greene, 1968) . When the hepatic artery and portal vein are occluded, a functional hepatectomy is produced; the other vessels were occluded to prevent pooling of blood in the viscera.
In half of these animals, an arterial blood sample (0.6ml) was drawn at Omin, and the vessels were occluded immediately; further samples (0.3ml) were drawn at 10, 20 and 30min, deproteinized and processed in the usual way. In the remaining animals samples were drawn at 2, 3, 6 and 10min after functional hepatectomy. The time elapsed between the end of the infusions and the first blood sampling was 5-10min.
Assays
Enzymic assays were performed for: glucose (Slein, 1963) , acetoacetate and 3-hydroxybutyrate (Williamson et al., 1962) , glycerol (Eggstein & Kreutz, 1966) , lactate (Hohorst et al., 1959) , pyruvate (Biicher et al., 1963) , glucose 6-phosphate and ATP (Lamprecht & Trautschold, 1963) , ADP and AMP (Adam, 1963) , glycerol phosphate (Hohorst, 1963a) , phosphoenolpyruvate, 2-phosphoglycerate and 3-phosphoglycerate (Czok & Eckert, 1963) , citrate (Gruber & Moellering, 1966) , 2-oxoglutarate (Bergmeyer & Bernt, 1963) , malate (Hohorst, 1963b) , L-alanine (Williamson et al., 1967b) , L-glutamine (Lund, 1970) , L-glutamate (Bernt & Bergmeyer, 1963) and L-aspartate (Pfleiderer, 1963) . Pyruvate, 2-oxoglutarate and acetoacetate were determined immediately after neutralization of the acid extracts; all other hepatic metabolites were determined within 48 h. Florisil-treated tissue extracts were used for the assay of the a-oxo acids and glucose (Williamson et al., 1967a) . Plasma non-esterified fatty acids were determined colorimetrically (Itaya & Ui, 1965) , liver triglyceride by the method of Eggstein & Kreutz (1966) , and plasma immunoreactive insulin was measured by a micro-modification of the method of Soeldner & Slone (1965) .
Results are expressed as means+S.E.M.; significant differences were determined by using Student's t test for paired or non-paired populations.
Special chemicals
Enzymes and coenzymes were supplied by Boehringer Corp. (London) Ltd., London W5 2TZ, U.K., except for glutaminase, supplied by Sigma (London) Chemical Co. Ltd., Kingston-upon-Thames, Surrey, U.K. Florisil was obtained from Koch-Light Laboratories Ltd., Colnbrook, Bucks., U.K. Pentobarbitone sodium (Nembutal) was from Abbott Laboratories Ltd., Queensborough, Kent, U.K., and dichloroacetic acid from BDH Chemicals Ltd., Poole, Dorset, U.K. Rat insulin standard was a gift from Novo Industries, Copenhagen, Denmark; I'2l-labelled insulin was purchased from The Radiochemical Centre, Amersham, Bucks., U.K., and antisera were from Wellcome Laboratories, Beckenham, Kent, U.K. [pyruvate] in 24 h-starved normal rats compared with NaClinfused animals ( Fig. 1 ). Blood [glucose] rose by approximately 1 mm during the course of the 4h NaCl infusions in control animals. The reasons for this are not clear. Dichloroacetate also produced a significant decrease in plasma immunoreactive insulin concentration (Omin, 13+1.3,uunits/ml; 15min, 9.8 ± 2.9,uunits/ml; 30min, 4.8 ± 2.0,uunits/ml; 60min, 8.5±3.0,uunits/ml; P<0.01 when comparing Omin value with that at 30min by using paired t test). No significant changes in plasma immunoreactive insulin concentrations were observed in the animals infused with NaCl.
Dichloroacetate infusions also caused highly significant increases in arterial [3-hydroxybutyrate] and [acetoacetate] , both metabolites exceeding the values for the control animals by about 1 mm at 60min (Fig. 2) (Fig. 4a) , whereas little change in concentration occurred in the dichloroacetate-pretreated rats until 30min, when a slight decrease was observed.
[Acetoacetate], on the other hand, decreased rapidly and similarly in the two groups (Fig. 4b) . However, decreased peripheral acetoacetate uptake was suggested by the slower increase in the [3-hydroxybutyrate]/[acetoacetate] ratio ( Fig. 4c ) and the proportionately smaller decrease in [acetoacetate] after functional hepatectomy in the dichloroacetate-pretreated rats.
In an attempt to characterize further this early rapid decrease in ketone-body concentrations, blood samples were drawn at shorter time-intervals after functional hepatectomy in a second group of NaCland dichloroacetate-pretreated rats. As in the earlier series, [3-hydroxybutyrate] decreased rather slowly in the NaCl-pretreated animals but remained constant in those pretreated with dichloroacetate; the differences were significant at 6 and 10min (Fig. 5a ).
[Acetoacetate] decreased much more rapidly in both groups of animals (Fig. 5b) ; this decrease was apparently slower in the dichloroacetate-pretreated animals, and resulted in a much less rapid increase in the [3-hydroxybutyrate]/[acetoacetate] ratio despite the concomitantly constant [3-hydroxybutyrate] ( Fig. 5c ).
Rapid sampling was also used to study changes in glycerol and several amino acids (Fig. 6) . Although arterial blood [glycerol] did not change significantly during dichloroacetate infusion in the whole animal, Fig. 6(a) shows that its peripheral release was significantly inhibited by pretreatment with dichloroacetate. The release of alanine from the periphery was also severely inhibited after functional hepatectomy by pretreatment with dichloroacetate. It should be noted that blood [alanine] was already decreased before hepatectomy in the dichloroacetate-treated animals (Fig. 6b). [Glutamate] did not change significantly after functional hepatectomy in either group (Fig. 6c) . However, in marked contrast with [alanine], [glutamine] increased more rapidly in the dichloroacetate-pretreated animals than in the controls (Fig. 6d) .
1974 Discussion Hypoglycaemia Two possibilities may explain the marked decrease in blood glucose after infusion of diclhloroacetate ( Fig. 1): (1) increased uptake of glucose by peripheral tissues, or (2) a decrease in hepatic gluconeogenesis. As the hypoglycaemia is accompanied by a decrease in circulating lactate and pyruvate (Fig. 1) (Lorini & Ciman, 1962; Stacpoole & Felts, 1970 would support this contention. It is worth noting that the dose of dichloroacetate used in the present study is similar to those used in all previous work in vivo (Lorini & Ciman, 1962; Stacpoole & Felts, 1970 McAllister et al., 1973) ; both six-and sixty-fold lower doses were without effect in our hands (P. J. Blackshear & K. G. M. M. Alberti, unpublished work). This raises the question as to the mechanism of the decrease in hepatic gluconeogenesis. Unlike the metabolite patterns observed in liver with other hypoglycaemic agents (Veneziale et al., 1967; Holland et al., 1973) (Fig. 3) . The mechanism for this decreased accumulation is probably the activation of pyruvate dehydrogenase (EC 1.2.4.1) as described in perfused rat heart by Whitehouse & Randle (1973) , which allows increased oxidation of lactate and pyruvate (McAllister et al., 1973) .
Alanine has been recognized for some time as a major carrier ofamino acid-derived nitrogen from the periphery to the liver, probably from transamination of pyruvate (Mallette et al., 1969; Felig et al., 1970; Felig, 1973) . Glutamine, which is also released in amounts disproportionately higher than its concentration in skeletal-muscle protein from the human forearm (Marliss et al., 1971) and from the perfused rat hindquarter (Ruderman & Lund, 1972 ) may be Vol. 142 equally important as an amino-group carrier, although recent studies have suggested that most of this glutamine is taken up by the gut rather than the liver Matsutaka et al., 1973) . In our experiments, glutamine accumulation increased, after the entire splanchnic bed had been tied off in dichloroacetate-treated rats (Fig. 6) , by the same amount that alanine accumulation decreased. This suggests a mechanism which can control the relative release of alanine and glutamine depending on the availability of pyruvate and amino-group donors.
Hyperketonaemia
The increased [3-hydroxybutyrate] and [acetoacetate] seen during dichloroacetate infusion (Fig. 2) suggest either increased hepatic ketogenesis or decreased peripheral utilization of these substances. The decreased hepatic [3-hydroxybutyrate]/[acetoacetate] ratio implies a decrease in hepatic free fatty acid oxidation (Table 1) (Fig. 6) , and demonstrate a marked inhibition of peripheral ketone-body uptake in dichloroacetate-treated animals. The decreased uptake of 3-hydroxybutyrate confirms the finding of McAllister et al. (1973) that 3-hydroxybutyrate oxidation was inhibited by dichloroacetate treatment in rat muscle. The mechanism ofthis inhibition may be a competition for CoA between activated pyruvate dehydrogenase (Whitehouse & Randle, 1973) and the enzymes required for ketone-body utilization which also require CoA, as proposed by McAllister et al. (1973) ; a further possibility is the inhibition of 3-hydroxybutyrate dehydrogenase (EC 1.1.1.30) both in the liver and in muscle by dichloroacetate.
Conclusion
The results of this study clarify the metabolic effects of dichloroacetate in vivo. Its hypoglycaemic action in normal starved rats appears to be due to the decreased peripheral release of the gluconeogenic substrates lactate, pyruvate, glycerol and alanine. The elevation of ketone-body concentrations in animals treated with dichloroacetate, in the face of diminished lipolysis, apparently results from decreased peripheral uptake and utilization of these substances. Finally, experiments with dichloroacetatepretreated functionally hepatectomized animals suggest that alanine and glutamine can, to some extent, serve as carriers for a common pool of amino nitrogen from the periphery. Many of the results can be explained by increased peripheral pyruvate oxidation; further study is required to determine the mechanism of the dichloroacetate-induced inhibition of peripheral ketone-body uptake.
